At terahertz (THz) frequencies, metamaterials (MMs) have become a popular platform for engineering new components and capabilities.
1 MM strategies have proven to be effective for engineering passive optical devices across the electromagnetic spectrum, including negative index materials, 2 microwave cloaks, 3 perfect absorbers, 4,5 and memory materials. 6 It is also possible to implement electrical and optical control of MMs via active circuit elements, 7 electrically or optically active substrates, 8, 9 or structural MEMS actuation, 10 allowing for active MM components for use as THz thermal detectors, 11 diffraction modulators, 12 spatial light modulators, 13 and tunable filters 14 to name just a few examples. More recently, MMs have been used to design enhanced optical nonlinearities through the combination of subwavelength nonlinear elements and resonant electric field enhancement. At microwave frequencies and below, split-ring resonators (SRRs) combined with diodes and varactors have produced nonlinear MMs for second harmonic generation, 15 wave mixing, 16 and nonlinear beam shaping. 17 At THz frequencies, lumped circuit elements are generally too large to be included within the SRR elements. Instead, one can use the local electric field enhancement within the SRR capacitive gap 18 to couple to resonant nonlinearities in an underlying substrate material. This results in amplified nonlinearities that manifest in the MM's electromagnetic response. Semiconductor substrates, 19, 20 superconducting films, [21] [22] [23] and transition metal oxides 24 have all been used to effectively produce enhanced THz nonlinear optics, including saturable absorbers 25, 26 and THz second harmonic generation. 27 While much progress has been made in both active MM devices and nonlinear MMs, a MM with an actively tunable nonlinear optical response is yet to be realized experimentally. In this letter, we present the design, fabrication, and characterization of such an electrically tunable nonlinear MM for THz frequencies. Our device consists of a planar array of SRRs fabricated on an n-type gallium arsenide (nGaAs) layer grown on a semi-insulating GaAs (SI-GaAs) substrate. A DC voltage bias can be applied to actively control the carrier density within the n-GaAs layer. The resonant nonlinear response appears as an intensity-dependent transmission arising from the interaction between local electric fields in the SRR capacitive gap and charge carriers in the nGaAs layer. We compare the modulation depth in the MM response induced via the applied DC bias with the nonlinear modulation induced by the intense THz fields. We also show that applying a DC bias to the MM sample alters the nonlinear response of the device, reducing the net nonlinear modulation by $2 dB. Finally, we characterize the active modulation range of the MM and how it changes as the strength of the THz excitation source increases. Figure 1 shows a representative micrograph of the twodimensional MM along with a schematic of the unit cell. The SRR has a polarization insensitive 4-fold symmetric design with capacitive gaps on the sides of the structure. The dimensions are chosen such that the SRR resonance falls at 0.4 THz, near the peak of our experimental THz spectrum. The length of the SRR is L ¼ 66 lm, unit cell periodicity P ¼ 88 lm, linewidth w ¼ 6 lm, and capacitive gap g ¼ 1 lm. The gold bars extending from the bottom end of the SRR join the resonators and connect with an electrode (not shown). The gold SRR array and the underlying n-GaAs layer form a Schottky junction, where a voltage bias can be a) Experiment performed while author was at Brown University. Published by AIP Publishing. 111, 121101-1 applied between the Schottky contact and an ohmic contact on the GaAs substrate. 8 For this device, the n-GaAs layer has a doping density of 2 Â 10 16 cm À3 and a thickness t ¼ 1 lm, while the SI-GaAs substrate is $500 lm thick.
Electrical tuning of the MM resonance is implemented by applying a DC voltage bias to deplete charge carriers in the n-GaAs layer in the region near the split gaps. 8 The nonlinear response of the MM arises from two separate effects. At lower THz fields around 40 kV/cm, intervalley scattering is induced by the interaction of charge carriers with the incident THz field and lowers the carrier mobility. 19, 28 At higher field strengths >100 kV/cm, impact ionization results from the interaction of charge carriers with the enhanced resonant THz fields localized in the MM capacitive gap, which increases the in-gap GaAs conductivity. 19 Figure 2 shows numerical simulations of how these two processes change the MM response, using a commercial finite difference time domain solver. The conductivity of the n-GaAs epilayer is modeled using the known carrier concentration and a frequency independent mobility r ¼ nel;
where n ¼ 2 Â 10 16 cm À3 and e is the charge of an electron. The assumption of a frequency independent mobility is reasonable given the frequency range considered in this study (0.1 THz-0.8 THz). Figure 2 (a) shows the effect of intervalley scattering on the MM transmission spectra. The scattering of carriers to satellite valleys in the GaAs band diagram, where the overall mobility of the carriers is lower due to a larger effective mass, effectively lowers the conductivity of the n-doped layer. This decreases the loss in the SRR and thus increases the resonance strength. We model intervalley scattering in simulation by directly lowering the carrier mobility. As the carrier mobility, l, decreases uniformly across the n-GaAs film, the loss in the MM decreases, resulting in a stronger inductive-capacitive (LC) resonance. Figure  2 (b) illustrates the opposite effect of impact ionization in the gap regions at higher THz field excitation. To simulate the confined, resonant nature of the impact ionization, the conductivity in the gap regions of n-GaAs, r g , is increased, while the mobility of n-GaAs away from the split gaps is held constant at 400 cm 2 /Vs. As r g increases, current begins to pass through the capacitive gap regions, and the resistive loss in the SRRs increases. Thus, the resonance becomes weaker with increasing r g . We show below that the addition of the applied DC bias to our MM sample allows for tuning the MM resonance strength through the control of both the charge carrier density 8 and the field dependent carrier dynamics of the n-GaAs layer, i.e., by lowering the THz field threshold for impact ionization. The values of l and r g used in these simulations were chosen to correspond to values considered in previous work on similar samples, 19 and the resulting simulated spectra corresponded well to our experimental data discussed below.
To characterize the MM's nonlinear response at varying values of applied bias, THz pulses with field strengths between 30 and 120 kV/cm were generated using the tiltedpulse-front technique in LiNbO 3 and focused onto the MM at normal incidence. 29, 30 The THz field strength in our system was computed using the pulse energy, U (measured using a THz pyroelectric detector), the cross-sectional area of the terahertz spot at the sample position, A (measured with a THz camera), and the FWHM of the temporal envelope of the THz pulse, t. The pulse energy density and thus the THz electric field strength, E Thz , can be calculated from this information, giving
where 0 is the permittivity of free space and c the speed of light in vacuum. More details on computing accurate values for A and t can be found in Ref. 31 . The incident THz fields excite the MM resonance, and the transmitted pulses are then measured using THz timedomain spectroscopy (THz-TDS). To measure the low field (linear) response, a commercial THz-TDS system was used. The THz transmission spectra were obtained through Fourier transform and normalized to a bare substrate. a baseline check of the MM active response. Increasing the applied bias from 0 V to 15 V decreases the resonance depth by $4 dB due to carrier depletion in the substrate. The maximum carrier depletion is reached at 15 V, resulting in a resonance depth of $ À8 dB. The resonance saturates at this point, and further increasing the applied bias does not affect the response.
For comparison, Fig. 3(b) shows the MM's nonlinear, THz field-dependent response, while the applied DC bias is held constant at 0 V. Overall, there is good correspondence between our simulations and the experimental results of Fig.  3(b) . The resonance frequency and maximum resonance depth overlap quite closely. The width of the resonance in the experiment is slightly larger than in simulation, but this is due to the limited frequency resolution of our experimental system.
In contrast to the DC induced modulation, increasing the incident THz fields from low field values to $50 kV/cm induces a transmission minimum of $ À13 dB, i.e., a total modulation of 9 dB. Further increasing the incident THz field induces impact ionization near the regions of field enhancement in the SRR capacitive gaps. The carrier concentration and thus the conductivity of the nGaAs layer increase, increasing the loss in the SRR and causing the resonance to become weaker. This results in a transmission minimum of $ À9 dB for 120 kV/cm THz excitation.
In brief, using high field THz pulses instead of a DC bias to modulate the resonance increases the modulation depth by about 5 dB. The larger modulation is a result of the local electric fields excited in the MM by the incident THz pulse. Figures 3(c) and 3(d) compare the simulated electric field magnitude in the MM unit cell for the cases of an applied 15 V DC bias and a 50 kV/cm THz excitation, respectively. Outside the capacitive gap regions, the electric fields induced by the applied bias and THz excitation are comparable in magnitude. However, the DC bias fields are largely confined to the regions around the SRR, while the THz fields extend throughout the MM unit cell. Thus, the DC bias depletes the carrier concentration near the SRR, and the resonance strength cannot increase further once all the carriers in this region are depleted.
In contrast, the extent of the THz fields simulated in Fig.  3(d) and the off-resonance, transmission modulation between the low field and 30 kV/cm spectra in Fig. 3(b) suggest that the THz fields interact with carriers both in regions near the SRR gaps and further away from the resonator. This interpretation is also consistent with results shown in previous work. 19 Due to intervalley scattering, the THz fields lower the carrier mobility across a percentage of the unit cell that is much larger than the region of carrier depletion induced by the DC bias. This results in a stronger resonance for THz excitation compared to the DC bias case and thus a larger modulation depth. Another observation is that increasing the DC bias also strengthens the resonance under THz excitation at 30 kV/cm, with resonant transmission minimum decreasing from $ À13 dB at 0 V bias shown in Fig. 3(b) to $ À15 dB at 15 V bias shown in Fig. 4(d) , a change of about 2 dB. However, the corresponding net modulation depth, defined as the difference in transmission minimum between the low field and 30 kV/cm THz excitations, is reduced from $9 dB at 0 V bias to $7 dB at 15 V bias. This decrease is due to the larger resonance strength at low field excitation induced by the DC voltage bias, as shown in Fig. 4 . This tunable nonlinear modulation is the result of the carrier depletion induced by the DC bias, leaving fewer carriers near the split-gaps to interact with the THz field and lowering the net nonlinear modulation, defined as the modulation in the resonance depth between the low-field and 30 kV/cm curves.
We also expect that the applied DC bias affects the charge carrier dynamics in the MM structure by lowering the threshold THz field required to induce impact ionization. Our data in Fig. 4 are consistent with this interpretation. For 0 V applied bias, the resonance strength shown in Fig. 3(b) remains fairly constant between 30 kV/cm and 100 kV/cm THz field excitation. The resonance strength decreases only at the highest field value of 120 kV/cm where impact ionization is the dominant effect in the carrier dynamics. In contrast, for 3 and 6 V applied biases, shown in Figs. 4(a) and 4(b), 30 kV/cm THz field excitation strengthens the resonance and lowers the transmission minimum to À14 dB, which remains fairly constant until the field reaches 66 kV/ cm, when it increases by $1 dB, suggesting the onset of impact ionization at lower fields. With 9 and 15 V applied biases shown in Figs. 4(c) and 4(d), the decrease in resonance strength induced by impact ionization is apparent for a THz field of 50 kV/cm or higher.
These results highlight the importance of considering nonlinear effects in MM designs for high field applications. Figure  5 summarizes the on-resonance transmission vs. incident THz field for varying applied DC biases. At low fields, the electrical modulation depth is the greatest, close to 4 dB, although the resonance strength is at its weakest. As the THz field is increased to 30 kV/cm, inter-valley scattering lowers the carrier mobility and increases the resonance strength, lowering the resonance minimum by $10 dB. Importantly, the electrical modulation range is also decreased to $2 dB. Further increasing the THz field intensity beyond this point results in an upward trend in the resonance minimum as impact ionization increases the charge carrier density and the loss in the MM resonators. At fields higher than 30 kV/cm, the electrical modulation depth drops to 1 dB or less, showing that the effectiveness of common active tuning schemes 8 can vary significantly depending on the intensity of the THz field excitation.
Finally, Fig. 5 also highlights the effect of the applied bias on impact ionization in the n-GaAs epilayer. For THz fields below 50 kV/cm, increasing the applied bias makes the resonance stronger and thus lowers the transmission minimum. However, for 100 kV/cm fields, this trend reverses. Although it is a small effect, increasing the applied bias on the MM for 100 kV/cm excitation causes the resonance minimum to increase rather than decrease, suggesting a weakened resonance. This small but repeatable effect most likely occurs because the addition of the strong local DC field in the gaps increases the probability for THz-field-induced impact ionization in these regions. We note that the DC bias is applied across the depletion region within the 1 lm thick n-GaAs epilayer. This results in a local DC electric field on the order of 150 kV/cm in the gap region of the MM, which is comparable in strength to the peak field of the incident THz radiation (although THz fields are further enhanced by the metamaterial resonance). As outlined in Fig. 6 , the DC and THz fields overlap within the depletion region, as they both are perpendicular to the metal surface within its vicinity. Therefore, it is not surprising that the DC field constructively superimposes with THz field and can alter the nonlinear response of the n-GaAs epilayer to the incident intense THz field.
In conclusion, we fabricated and characterized an electrically active nonlinear MM for THz frequency applications. A DC bias can be applied to actively control both the resonance strength and its nonlinearity, via carrier depletion. The resonant nonlinearity appears as an intensity-dependent transmission arising from THz induced intervalley carrier scattering and carrier dynamics in the n-GaAs layer. We compared the modulation depth in the MM response induced via the applied DC bias with the nonlinear modulation induced by the incident intense THz fields. We also show that applying a DC bias to the MM sample reduces the nonlinear modulation depth by $2 dB. Finally, we showed that the electrically active modulation depth of the MM decreases as the THz field intensity is increased. Our work provides an understanding of how the tunability of electrically active MMs changes for higher intensity THz excitation and also serves as a proof of principle for electrically active nonlinear THz devices.
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